The dielectric properties of selected conductivelyloaded polyimide samples are characterized in microwave through far infrared wavebands. These materials, belonging to the Vespel ® family, are more readily formed by direct machining than their ceramic loaded epoxy counterparts and present an interesting solution for realizing absorptive optical control structures. Measurements spanning a spectral range from 1 to 600 cm −1 (0.03 to 18 THz) were preformed and used in parametrization of the media's dielectric function at frequencies below ≈ 3 THz. http://dx.doi.org/10.1364/ol.XX.XXXXXX Conductively-loaded dielectric materials such as thermoplastics, castable epoxies, and paints have widespread use as absorbers in far-infrared applications [1, 2] . In the microwave through far infrared, these materials can have a relatively large real component of the dielectric function and the geometry plays an important role in the construction of low reflectance radiometric flux calibration sources, waveguide terminations [3] [4] [5] , and baffling for stray light control [6] . Manually mixing a variety of metals and semi-metals into epoxy formulations have achieved desirable absorptance performance. Typically, frozen premixed formulations are preferable due to their demonstrated homogeneity, consistency, and reduction of dielectric variability. Commonly available epoxies often contain fillers such as alumina, silica, or silicon-carbide particles to control the Coefficient of Thermal Expansion (CTE) and mitigate stresses between the loaded mixture and the substrate material upon thermal cycling. These CTE-matching additives are typically abrasive and increase wear experienced by tooling if subsequent machining of the material is required.
http://dx.doi.org/10.1364/ol.XX.XXXXXX Conductively-loaded dielectric materials such as thermoplastics, castable epoxies, and paints have widespread use as absorbers in far-infrared applications [1, 2] . In the microwave through far infrared, these materials can have a relatively large real component of the dielectric function and the geometry plays an important role in the construction of low reflectance radiometric flux calibration sources, waveguide terminations [3] [4] [5] , and baffling for stray light control [6] . Manually mixing a variety of metals and semi-metals into epoxy formulations have achieved desirable absorptance performance. Typically, frozen premixed formulations are preferable due to their demonstrated homogeneity, consistency, and reduction of dielectric variability. Commonly available epoxies often contain fillers such as alumina, silica, or silicon-carbide particles to control the Coefficient of Thermal Expansion (CTE) and mitigate stresses between the loaded mixture and the substrate material upon thermal cycling. These CTE-matching additives are typically abrasive and increase wear experienced by tooling if subsequent machining of the material is required.
Here the suitability of the Vespel ® SP polymer family [7] in these optical applications is considered. These materials are relatively easy to machine, can be formed with standard tooling for metals and plastics [8] , and are widely employed for their mechanical and thermal properties. Polyimides are known to survive mechanical cycling to cryogenic temperatures and have potential optical applications if their dielectric properties are appropriately controllable and known. In this paper the dielectric functions of readily available polyimide mixture formulations are characterized in the microwave through far infrared. The polyimide mixture compositions investigated are provided in Table 1 .
From an electromagnetic perspective these materials are dielectric mixtures realized from a polyimide host loaded with filler particles having differing conductivity. Dielectric mixing theory can provide useful insight into the optical properties of such composite absorber materials [13] [14] [15] [16] . In the microwave, the size of the conductive particles in the medium is small compared to the wavelengths of interest. The fields are homogeneous and a mean field theory treatment is generally applicable in parameterizing the effective dielectric function of the material. In the far infrared, the wavelength of light is comparable to or smaller than the particle size and the response is commonly dominated by scattering processes. The simplifications enabled by considering these limits will be adopted in the analysis and presentation of the experimental observations that follow.
For microwave characterization of the dielectric function a waveguide based metrology technique is employed. An E-plane waveguide split-block (length 33 or 50 mm) and a shim (thickness 2.4 mm) were used as fixtures to form Fabry-Perot waveguide resonators [12] . The bulk material was directly machined by milling, press fit (i.e., ≤ 20 µm clearance) into a WR22.4 rectangular waveguide, and the ends of each sample were lapped flush to the guide mounting flange surfaces. Two sample lengths were chosen to experimentally constrain the imaginary and real components of the dielectric function from the observed propagation in the guiding structures. The complex dielectric properties of the samples from 33 to 50 GHz are extracted from the two-port scattering parameters measured with an Agilent PNA-X Vector Network Analyzer (VNA) using a Thru-Reflect-Line (TRL) calibration. Representative data acquired with the VNA and the modeled spectra appear in Figure 1 . The extracted dielectric parameters from the waveguide measurements are provided in Table 1 . The differences between the shim and split-block measurements of the same formulation arise from imperfections in preparation and sample fit within the differing waveguide fixtures.
The observed dielectric permittivity from the samples are [11] and the volume filling fractions are calculated from the bulk densities of the constituent materials [7, 9, 10] . Two measurements of the effective permittivities appear on the right hand side of the table for each sample type. The first entry indicates the dielectric parameters derived from a waveguide transmission line model [12] using the shim data and the second corresponds to the E-plane split-block data. The parameters for each material agrees within experimental errors. then fit to a power-law logarithmic-mixing formula [16] ,
where the index is, 0 ≤ η ≤ 1, and f v is the volume filling fraction of the medium loading the dielectric host. The value of η is dependent on the detailed electromagnetic interaction between the particles in the mixture. In the limit the inclusions are isotropically distributed, the deviation in the constituents' permittivity is small compared to the mean permittivity, and the effective dielectric function is symmetric between the host and inclusion dielectric parameters, η = 1/3 independent of the detailed internal structure [17] . In this form, Equation 1 represents a homogeneous dielectric mixture with separated-grains and is commonly referred to in the literature as the Looyenga formula [18] .
The observed effective dielectric function,ˆ e f f ≡ r + i · r , is derived from a joint least-squares fit to the waveguide shim and split-block VNA data for each sample type [19] . See Fig. 2 . It is important to note thatˆ e f f has a degeneracy as a function of f v and dielectric parameters, which is not highly constrained over the limited parameter range of commercially available samples. The dielectric function of the conductive loading medium is estimated asˆ f ill = 246 + 42i, assumingˆ host = 3.4 + 0.051i as the magnitude of the polyimide host. The inferred bulk dielectric properties of graphite [20] and polyimides (e.g., Kapton ® [21] , Cirlex ® [22] , etc.) derived from these mixtures are consistent with prior observations at millimeter and sub-millimeter wavelengths. At the relatively low concentration employed here, MoS 2 has a similar influence on the properties of the end dielectric mixture as graphite, as can be seen in Fig. 2 . Dilution of the polyimide host with Teflon ® (ˆ = 2.1 + 0.0002i) slightly lowers the effective dielectric function of SP-211 relative to SP-21 consistent with theoretical expectations.
The materials were also characterized with a Bruker IFS 125 high-resolution Fourier Transform Spectrometer (FTS) from 10 to 600 cm −1 (0.3 to 18 THz). The optical samples were machined Table 2 . The FTS was used in a focused (f/6.5) beam configuration for characterization of the samples with a Si-doped 4 K LHe bolometer. In practice, the illuminated sample area is ∼ 6 mm in diameter. To cover the desired spectral range two beam splitters were used (i.e., 50-µm mylar beamsplitter covering 10-100 cm −1 and 6-µm Si-coated mylar beamsplitter from 30-600 cm −1 ) and the transmittance from each band agreed to within 0.5% in their region of overlap. The datasets were merged into a single spectrum by computing a weighted average (Fig. 3) . The observed optical response is modeled as a non-magnetic medium with a constant effective homogeneous dielectric function,ˆ e f f . The measured sample thicknesses are adopted as the physical section lengths in a air-dielectric-air layered Transmission Line Model (TLM) [24] . The propagation constant, γ = (α + i · β) + α s , has contributions from both intrinsic and extrinsic losses in the effective medium. The material's attenuation and phase constants:
are evaluated with the measured relative dielectric function, e f f (1 cm −1 ). Here λ o andn = n + iκ are respectively the freespace wavelength and the refractive index of the medium. Following Halpern et al. [25] , the extrinsic scattering loss in the medium is modeled as a power-law,
where ν is the frequency in inverse centimeters and the parameters are derived from a least-squares fit to the FTS data. See Table 1 . A representative example of the modeled response is included in the transmittance plotted in Figure 3 . Figure 3 . The number of significant figures reflects the observed parameter uncertainty in repeated FTS measurement trails and between samples with the same composition but having differing total thickness. An interesting application for this class of materials is the construction of low-reflectance waveguide terminations and compact calibration targets for the far infrared. To explore this possibility a bulk rod of SP-22 was machined into a pair of approximately conical circular terminations with full taper angles of θ ≈ 7 • and 10 • following the general design approach outlined in [4] . An absorber insert with outer diameter of 2.9 mm allows insertion and use at 100 GHz in circular waveguide housing (internal diameter 2.97 mm, length 25.4 mm) matched to the cutoff frequency of WR10.0 [26] . The waveguide fixture accommodates the sample's entire (≤ 15 mm) length during VNA characterization. Waveguide simulators with similar construction and appropriate symmetry can be utilized for characterizing the angular response of infinite array tilings [27] and are of value in prototyping free-space calibration targets [28, 29] .
The measured absorber insert tip diameter, ≈ 30 µm, is smaller than readily achievable through molding or grinding a typical loaded epoxy medium such as MF117 and related formulations [30] . The achieved profile deviates slightly from the targeted conical form due to the stiffness of the material and its uncompensated response during mechanical forming on a lathe. If an alternative to direct machining is necessitated by the component shape, size, or quantity, the medium could potentially be formed by direct forming or molding. Reflections from the waveguide loads were measured using a one-port vector reflectometry technique [30] . Over the measured spectral range the envelope of the peak reflectance for the loads are qualitatively similar. See Figure 4 . Reducing the taper angle largely mitigates reflections near guide cutoff. These loaded materials could also find application as attenuators, edge-filters, and thermalblockers for the control of broadband radiation. The reported dielectric parameters for conductively loaded polyimides can be applied in applications where a knowledge of the far infrared optical response of these materials is required. 
